On the energy fluxes of low-energy protons and positive ions in the earth's inner radiation zones by Swisher, R. L. & Frank, L. A.
ON THE ENERGY FLUXES OF LOW-ENERGY 
PROTONS AND POSITIVE I O N S  
I N  THE EARTH'S INNER RADIATION ZONE* 
L. A. Frank and R. L. Swisher 
Department of Physics and Astronomy 
University of Iowa 
Iowa City, Iowa 
June, 1967 
Research supported i n  pa r t  by the  National Aeronautics and Space 
Administration under Grant NsG-233-62 and Contract NAS5-2054 and by 
t h e  Office of Naval Research under Contract ~0nr-1509(06).  
* 
Distr ibut ion of t h i s  document is  unlimited. 
https://ntrs.nasa.gov/search.jsp?R=19670022850 2020-03-12T11:16:22+00:00Z
-1- 
2 -1 
A large energy flux, exceeding 50 ergs(cm -see-sr)  , of low- 
energy protons o r  ions within the energy range - 0.5 keV t o  1 MeV 
a t  low a l t i t udes  i n  the ear th ' s  inner radiat ion zone w a s  reported 
by Freeman [1962] via analysis of t h e  responses of C d S  c rys t a l s  
borne on the  ea r th - sa t e l l i t e  Injun 1. To our knowledge, these 
ea r ly  r e s u l t s  have neither been corroborated nor contested with fur ther  
i n  s i t u  measurements t o  the  present date.  Indeed, t h i s  la rge  energy 
flux i s  remarkable as there  ex is t s  no obvious energy source t o  main- 
t a i n  these posi t ive ion fluxes against t he  taxat ion of heavy losses  
due t o  charge-exchange with the r e l a t ive ly  high dens i t ies  of ambient 
neut ra l  and charged consti tuents of the t e r r e s t r i a l  exosphere at 
these  low a l t i t udes .  For example, an order-of-magnitude estimate of 
t h e  energy source required t o  maintain these energy fluxes of low- 
energy ions,  assuming charge-exchange as the  pr inc ipa l  loss 
mechanism, provides a basis of comparison of t h i s  source with t h e  
average energy prec ip i ta ted  in to  the  ea r th ' s  upper atmosphere i n  the  
auroral  zones. If we assume tha t  t he  energy f luxes reported by 
Freeman are  predominantly - 1 keV protons (energy dens i t ies  - 2 X 10 
-- 
-6 
erg(an)-3) and t h e  s p a t i a l  d i s t r ibu t ion  i s  confined between she l l s  
L = 1.25 t o  L = 1.70 and a spherical  surface - 1000 km a l t i t ude  above 
3 t h e  ea r th ' s  surface (- em ) then t h e  t o t a l  energy of these 
low-energy protons i s  - 2 X 1021 ergs (see a l so  Figure 1 which 
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includes a summary of Freeman's [1962] observations). 
exchange l i fe t imes  of - 1 keV protons a t  these a l t i t udes ,  without con- 
The charge- 
s iderat ion of comparable Coulomb sca t te r ing  l i fe t imes ,  i s  generously 
- 2 X 10 3 seconds [Liemohn, 19613. Hence our gross order-of-magnitude 
estimate of t h e  power r e q u i r e d t o  maintain t h i s  reservoi r  of low-energy 
protons i s  - (2  X 1O2I ergs) ( 2  X lo3 seconds)-' = 10l8 ergs(sec)- l ,  a 
source strength which i s  comparable t o  t h a t  required f o r  t he  average 
p a r t i c l e  prec ip i ta t ion  in to  the  auroral  regions [Frank and Van Allen, 
1964; O'Brien, 19641. 
Toward obtaining a more comprehensive study of these la rge  
energy f luxes of pos i t ive  ions we have conducted an i n i t i a l  survey of 
measurements of t h e  d i f f e ren t i a l  energy spectrums of pos i t ive  ions 
(100 ev 5 a. E - < 50 keV) i n  t h e  inner rad ia t ion  zone with an array of 
sens i t ive  e l ec t ros t a t i c  analyzers borne on t h e  ear th  s a t e l l i t e  OGO 3 
(launch date ,  7 June 1966; i n i t i a l  apogee and perigee,  128,500 Ian 
and 6,700 km geocentric radial distances; inc l ina t ion ,  31") [Frank, 
1967a, 19671.1, 1967~1.  Typical responses of t h i s  instrumentation during 
t raverses  of t he  spacecraft  through t h e  inner rad ia t ion  zone have been 
previously given by Frank [1967bI. O f  p r inc ipa l  i n t e r e s t  i s  the  observation 
t h a t  t he  posit ive-ion e l ec t ros t a t i c  andyze r s  i n  the  energy range 100 eV 5 
E - < 50 keV y ie ld  counting r a t e s  which are  m o d u l a t e d  by the  var ia t ions  i n  Q -  
analyzer-plate voltages and a r e  a t t r i bu tab le  t o  high-energy protons and 
electrons deep within the  inner rad ia t ion  zone, L - <1.6. 
data obtained during several  perigee passes of O W  3 i n  search of a la rge  
We have examined 
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posi t ive ion f lux  and have summarized the  upper l i m i t s  fo r  energy f luxes 
of posi t ive ions ( Q  - < 2) a t  ten locat ions i n  the  inner zone i n  Figure 
1. 
t h a t  t he  responses of t he  e l ec t ros t a t i c  analyzers are  wholly 
due t o  a low-energy posi t ive ion f lux .  N o  evidence fo r  the  large 
energy f lux  i n  the  inner radiat ion zone as reported by Freeman has 
been found with the  present measurements of posi t ive ions within the  
These upper l i m i t s  have been generously calculated by assuming 
J3 energy range 100 eV < - < 50 keV. In  f a c t  a cursory examination of the  
- & -  
summazy of Injun 1 observations [Freeman, 19621 and of the  present 
O W  3 measurements i n  a B-L coordinate system (Figure 1) emphasizes 
t h a t  t he  energy f luxes reported by Freeman exceed the  upper l i m i t s  
provided by the  e l ec t ros t a t i c  analyzer array borne on OGO 3 by fac tors  
- 10 t o  100. It should be noted by t h e  reader t h a t  a l l  measurements 
presented here i n  Figure 1 and i n  tabular  form were obtained at l o c a l  
p i t ch  angle a = 90". Several upper l i m i t s  f o r  energy f luxes nearer 
t o  t he  magnetic equatorial  plane than the  Injun 1 observations above 
are  given i n  Table I. A t  these lower magnetic l a t i t udes  there  i s  s t i l l  
no signature of a la rge  posit ive-ion energy f lux  within t h e  energy 
range 100 eV < - < 50 keV. Upper limits for negative-ion (100 eV < - & -  - 
E -
Q -  
electron e l e c t r o s t a t i c  analyzers w e  within a fac tor  - 2 equal t o  the  
E 
50 keV) energy fluxes as derived from the  responses of companicn 
simultaneously measured upper l i m i t s  f o r  posit ive-ion energy f luxes 
reported here. 
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TABLE I 
UPPER LIMITS FOR ENERGY FLUXES 
THE EARTH'S INNER RADIATION ZONE 
OF LOW-EXEiCRGY POSITIVE IONS I N  
B, 
gauss 
0.150 
0.128 
0.109 
0.117 
Energy Flux*(upper limit) 
2 -1 erg( em -see-sr) 
2.0 
4.4 
2.2 
2.6 
* A t  l o c a l  p i t c h  angle CY. = 90" 
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Since the  Injun 1 observations with CdS crys ta l s  cover the  
energy range - 500 eV t o  - 1 MeV, there  remains the  poss ib i l i t y  t h a t  
t h e  energy f lux  i s  shared predominantly by pos i t ive  ions i n  the  energy 
range exceeding t h a t  of the  OGO 3 e l ec t ros t a t i c  analyzer, o r  - 50 keV 
t o  1 MeV. In  order t o  investigate t h i s  poss ib i l i t y  we have analyzed 
unpublished Injun 4 (launch, 2 1  November 1964; i n i t i a l  apogee and perigee 
a l t i t udes ,  2502 km and 527 km; inc l ina t ion ,  81") observations of 
proton E > 30 keV energy fluxes (d. e. s c i n t i l l a t o r ,  courtesy of 
J. D. Craven) and of proton 0.5 - -  < E < 4.2 MeV i n t e n s i t i e s  (sol id-  
s t a t e  detector,  courtesy of S. M. Krimigis and T. A. Armstrong) during 
January 1965 i n  order t o  provide the  upper l i m i t s  for these proton 
energy fluxes as summarized i n  Table 11. Again these energy f luxes are  
l e s s  than t h e  Injun 1 values by f ac to r s  - 10 t o  100. 
It i s  possible t h a t  (1) the  la rge  energy fluxes of pos i t ive  
ions a re  present only near l oca l  midnight where all Injun 1 measure- 
ments were obtained [Freeman, 19621 and hence t h a t  t he  OGO 3 observations 
during l o c a l  day presented here simply imply t h a t  these low-energy 
pos i t ive  ions are  confined t o  a r e s t r i c t e d  local-time range centered 
near l o c a l  midnight ( the Injun 4 measurements a re  a l so  ne= l o c a l  
midnight) o r  (2) these low-energy pos i t ive  ions have disappeared v i a  an 
occasional l o s s  mechanism over the  period extending from mid-1961 t o  1966. 
However, on t h e  bas i s  of our present f indings of q p e r  l i m i t s  for these 
energy fluxes which are  l e s s  by f ac to r s  of 10 t o  100 when compared t o  t h e  
energy f luxes reported by Freeman over a la rge  region of t h e  inner zone 
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we conclude t h a t  most probably energy f luxes of pos i t ive  ions (500 eV 
< E < 1 MeV), - 50 ergs (cm -see-sr) 
rad ia t ion  zone. 
2 -1 , are  not a fea ture  of t he  inner 
N N  
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TABLE I1 
SWERAL UPPER LIMITS FOR ENERGY F'LUXES 
OF PROTONS I N  THE EARTH'S INNER RADIATION ZONE 
I N J U N  4 
January 1965 
L, 
earth radii  
1-35 
1.49 
1.50 
1.51 
1-55 
- 
B, 
gauss 
0.151 
0.182 
0.167 
0.170 
0 179 
Energy Flux*(upper l i m i t s ) ,  
-1 erg ( cm2 - s ec- sr) 
protons+ 
E > 30 keV 
2 -5 
0.2 
1-5 
1.0 
0.7 
f protons 
0.5 < E < 4.2 MeV - -  
5 x 
6 x 
- -  
2.6 x 
1.4 x lo'* 
*At local pitch angle a = 90" 
*Courtesy of S. M. Krimigis and T. A. Armstrong 
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Figure Captions 
Figure 1. Comparison of Injun 1 observations of l a rge  energy f luxes 
of protons o r  posi t ive ions (500 eV 2 E N < 1 MeV) 
[Freeman, 19623 and O W  3 measurements of t h e  upper 
limits fo r  energy f luxes of pos i t ive  ions (100 ev 
E < - < 50 keV) i n  the ea r th ' s  inner rad ia t ion  zone. - Q -  
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